Three regions (cephalic, central, and caudal) of the dorsal and ventral muscle tissue (R1 through R6) and the caudal peduncle muscle tissue (CPMT) of 20 farmed bluefin tuna (Thunnus orientalis) were analyzed for mercury (Hg) and cadmium (Cd) concentrations. Region 1 (cephalic-ventral) had significantly lower concentrations of Hg but significantly higher concentrations of Cd than did the other regions. However, average metal concentrations of all regions (R1 through R6) were only 6% lower for Hg and were not significantly different for Cd from those in the CPMT. Therefore, the CPMT was used to monitor the concentrations of these two metals in more than 100 farmed tuna collected from July 2004 to January 2009 under the assumption that the Cd concentrations in the CPMT would be representative of the Cd concentration in the whole body and that the Hg concentrations would be, in the worst case, overestimated by approximately 6%. The Hg and Cd concentrations in these tuna were inversely related to the condition index, i.e., the tuna in better condition had the lowest concentrations of these metals. The mean concentrations in the CPMT of all fish analyzed were 0.31 ¡ 0.17 mg/g wet weight for Hg and 0.007 ¡ 0.006 mg/g wet weight for Cd. These concentrations were below the limits established by Mexican regulations for seafood (1.0 and 0.5 mg/g for Hg and Cd, respectively) and Japan (0.4 mg/g for Hg).
Bluefin tuna (Thunnus orientalis) is highly appreciated in the Japanese market, and tuna farms of Baja California (México) export most of their product to Japan. Toxic metals such as mercury (Hg) and cadmium (Cd) are important elements to monitor. Mexican and international agencies have established maximum concentrations of these elements for seafood intended for human consumption. Hg is of special concern because it is biomagnified through the trophic chain, and carnivorous fish high in this chain, such as sharks, swordfish, and tuna, can have high Hg concentrations.
To preserve the integrity of the fish specimens and still analyze a large number of fish for trace metals, a small portion of the caudal peduncle muscle tissue (CPMT) can be removed. Ando et al. (2) compared the Hg concentrations in this region with those found in six other muscle regions in nine individual fish. These authors found that except for the front of the abdomen where the concentrations were lower, no differences in Hg concentration were found between the CPMT and the rest of the body. For Cd, however, the use of CPMT as representative of the whole fish has not been validated. As in other tuna species (1, 8, 21) , Hg concentrations in wild bluefin tuna increase with weight (17, 18) . However, in cultured bluefin tuna no Hg increase with weight has been reported (2, 11, 12) .
The aim of this work was to determine whether CPMT can be used to monitor Hg and Cd in bluefin tuna farmed in México. The concentrations of these metals in the CPMT were compared with those in six other regions in 20 farmed bluefin tuna collected from 2004 to 2009, and the overall concentrations of these metals were evaluated in a large group of fish to determine whether the concentrations increase with increasing body weight.
MATERIALS AND METHODS
Twenty tuna were randomly collected (2004 to 2009) from a fish farm on the northwestern coast of Baja California, México. Six fish (two from 2008 and four from 2009) were obtained from a group of fish that were discarded because of their poor condition (stressed, thin tuna with low condition index [CI] ). The CPMT of an additional 99 and 91 tuna also was analyzed for Hg and Cd, respectively. The fork length and the weight of the fish were measured, and the CI was calculated as total wet weight per cubic length. Muscle tissue from six regions, R1 through R6 (cephalicventral, central-ventral, caudal-ventral, cephalic-dorsal, centraldorsal, and caudal-dorsal, respectively), plus the caudal peduncle was dissected (Fig. 1 ). An average of 15 g of fresh tissue from each region was lyophilized and homogenized (when the caudal peduncle weighed ,10 g, the entire region was processed) in an agate mortar. Analyses were performed on dry samples because water content can introduce variability. The wet/dry ratio was calculated from the average percent humidity of all samples (75%). A subsample of 0.15 to 0.20 g (dry weight) of each sample was digested in a microwave oven with a mixture of 8 ml of concentrated HNO 3 (Baker Instra-Analyzed, J. T. Baker, Phillipsburg, NJ) and 2 ml of 30% H 2 O 2 (Perdrogen, Sigma-Aldrich, St. Louis, MO). The digested material was analyzed for total Hg using the cold vapor technique after reduction with NaBH 4 (FIASFurnace technique (15) ) and by graphite furnace atomic absorption spectrophotometry for total Cd (AAnalyst-600, Perkin-Elmer, Norwalk, CT). Acid-washed polyethylene (low density or high density), reagents low in trace metals, and distilled deionized water (NANOpure, Barnstead, Thermo Scientific, Waltham, MA) were used. The method detection limits for Hg and Cd were 0.019 and 0.003 mg/g dry weight, respectively. For quality control, certified reference material (DORM-2 dogfish muscle, National Research Council of Canada, Ottawa, Ontario, Canada) and two blanks were analyzed with each run. Blanks were always below their respective detection limits. Measured values for the reference material were in close agreement with the certified values (95 and 103% recovery) ( Table 1) .
To test the hypothesis that there were no significant differences in Hg and Cd concentrations within the fish, a parametric one-way repeated measures analysis of variance (ANOVA) was performed for Hg; this method was chosen because the data were normally distributed and exhibited homoscedasticity. The ANOVA was followed by a multiple comparison procedure (Holm-Sidak method). For Cd, the data were not normally distributed, so the Friedman repeated measures ANOVA on ranks was performed followed by a Tukey test of multiple comparison. To determine whether there were differences in the average metal concentrations between R1 through R6 and the CPMT, the paired t test was performed for Hg and the Wilcoxon signed rank test was performed for Cd. All statistical analyses were conducted using the SigmaStat statistical package, version 3.5 (Systat Software, San Jose, CA). The repeated measures analysis and the paired t test were chosen because metal concentrations in different regions of the same individual are not independent.
RESULTS
Biometrics (fork length, weight, and CI) of the 20 tuna dissected by regions and the Hg and Cd concentrations for all seven regions (R1 to R6 and CPMT; Fig. 1 ) are reported in Table 2 . The concentrations (dry weight [wt] basis) ranged from 0.42 (R1) to 6.37 (R2) mg/g for Hg and from 0.004 (R2 and R5) to 0.658 (R1) mg/g for Cd. The average concentrations in R1 through R6 compared with the CPMT were 6 and 3% lower for Hg and Cd, respectively. However, only differences in Hg concentration were significant (P0 .012).
Six of the 20 fish (fish 15 to 20; Table 2 ) used for the region comparison were from the group of fish discarded because of their poor condition. These tuna had significantly higher average Hg concentrations (P , 0.001) in the CPMT (4.88 mg/g dry wt) than did the other 14 fish (1.71 mg/g dry wt). Similarly, the Cd concentrations in the same tissue of these six tuna were significantly higher (0.074 mg/g dry wt) than those in the rest of the fish (0.028 mg/g dry wt). This difference was attributed to their low CI; the mean CI for the six tuna was 13.98 kg/m 3 compared with a mean of 18.89 kg/m 3 for the rest of the fish. This difference between these two mean was significant (P , 0.001).
The one-way repeated measures ANOVA performed for Hg revealed significant differences among the analyzed regions, and the multiple comparison procedure indicated that R1 Hg concentrations were significantly different from those in the other regions of the fish. For Cd, the Friedman repeated measures ANOVA on ranks revealed significant differences among regions, and the Tukey test of multiple comparison revealed that Cd concentrations in R1 were significantly different from those in R3, R4, R5, and R6 but not from those in R2 or the CPMT.
Hg and Cd average concentrations in the CPMT for all but the six discarded tuna (99 z 20 2 6~113 and 91 z 20 2 6~105 fish, respectively) were 1.22 ¡ 0.66 mg/g dry wt (0.31 ¡ 0.17 mg/g wet wt) and 0.027 ¡ 0.023 mg/g dry wt (0.007 ¡ 0.006 mg/g wet wt), respectively. The decision to not use the discarded tuna for our analysis was based on the fact that they were not available for sale, and the very high Hg and Cd concentrations were due to their low CI. Thus, data from these fish were considered outliers.
Correlation analyses were performed to evaluate the relationship between the Hg and Cd concentrations in the CPMT and the biometric variables (weight, length, and CI). Both Hg and Cd concentrations were strongly negatively correlated with the CI (r~20.317, P , 0.001, Fig. 2; r2 0.197, P~0.04, Fig. 3 ; respectively).
DISCUSSION
The CPMT was a reliable representative of Hg and Cd concentrations in whole tuna; only Hg concentrations in the CPMT were significantly different from those in the rest of the body. However, because the concentration in the CPMT was higher (only by 6%), in the worst-case scenario use of this tissue to determine Hg concentrations in the whole tuna will result in a slight overestimation. Hg concentrations in R1 (cephalic-ventral) were significantly lower than those in the other regions tested. However, in this same body region Cd concentrations were significantly higher than those in the other regions. Nakamura et al. (10) reported that the ordinary muscles of this region in cultured T. orientalis had the highest lipid concentrations (up to 55%) compared with the three other regions analyzed (10% for caudal-ventral, 11% for caudaldorsal, and 15% for cephalic-dorsal). Wild tuna also have higher lipid concentrations in the cephalic-ventral region (16%) than in the cephalic-dorsal region (2%), although the concentrations were lower than those in cultured tuna (10). Parisi et al. (14) also found higher lipid concentrations in the cephalic-ventral region than in the caudal-ventral and caudal-dorsal regions in cultured tuna. Because the aim of the present study was not to compare metal concentrations with lipid concentrations, we analyzed the lipid concentrations of one organism and obtained similar results (R1 region, 40%; R2, 25%; R3, 12%; R4, 12%; R5, 14%; R6, 11%).
Balshaw et al. (3) found that the total Hg concentration decreases with increasing lipid concentration in farmed southern bluefin tuna (Thunnus maccoyii) and concluded that, ''lipid accumulation appears to have a dilution effect on mercury already associated with fish tissues.'' Their work was performed with composite samples of whole tuna, but apparently the same results can be obtained for other ordinary muscle regions within the same organism. Ando et al.
(2) also found lower Hg concentrations in the front part of the abdomen than in the CPMT in nine cultured T. orientalis from Japan. A possible explanation for this difference is that most Hg found in tuna is methylmercury (approximately 70% (19)), which is almost inert to lipids (9) . Although some evidence concerning Hg supports our findings, some researchers have suggested that Cd has an affinity for phospholipids (6) . Further studies will be needed to determine the relationship between metals and lipids.
Hg concentrations in the CPMT of T. orientalis farmed on the northern Pacific coast of Baja California, México, were lower (1.22 and 0.31 mg/g dry and wet wt, respectively) than those found in the same species cultured in Japan (0.631 mg/g wet wt (2)). Hellou et al. Sea, and 41% of tuna had concentrations above the maximum level established by the European Commission Decision (1 mg/g wet wt (16) (4)). A significant positive correlation between Hg concentration and weight was reported by Storelli et al. (17) for bluefin tuna. This correlation also has been observed for other tuna species (1, 8, 21) . However, in the present work there was no correlation between Hg concentration and weight or length; only the CI was significantly correlated with Hg concentration, but negatively. Other authors have found no increase in Hg concentration with corresponding increases in body weight in cultured and/or farmed tuna (2, 12) . Cd concentrations in the CPMT also were negatively correlated only with the CI. Hence, these results suggest that the farming of tuna maintains or decreases (as in this case) the Hg and Cd concentrations. Nakao et al. (11, 12) studied the relationship between diet and Hg concentration in farmed tuna. These authors found that when tuna were fed a diet low in Hg, the Hg concentrations in their tissues decreased. In México, the main diet for farmed tuna is Pacific sardine (which has low Hg concentrations), whereas wild tuna, which feed on sardines and on organisms at higher trophic levels, have higher Hg concentrations in their tissues.
Tuna with a low CI had higher concentrations of Cd and Hg in their tissues. The six discarded tuna had on average up to four times the mean Hg concentration of the remaining 113 tuna analyzed for this metal and almost three times the mean Cd concentration of the remaining 105 tuna analyzed for this metal. These findings are important for public health because consumption of low-quality tuna can increase toxic metal consumption.
The Hg and Cd concentrations found in the tuna in this work were below the Mexican (5) and international (20) permissible limits of 1 mg/g wet wt for Hg and 0.5 mg/g wet wt for Cd. Japan, the main market for these farmed tuna, has a limit only for Hg (0.4 mg/g wet wt (19) ).
The results of this study indicate that the Cd concentrations in the CPMT of T. orientalis are representative of the Cd concentrations in the edible tissue of the entire fish and the Hg concentrations in this region are similar to or, at worst, overestimate the Hg concentrations in the cephalic-ventral region. Farming has the potential to maintain or lower the Hg and Cd concentrations in bluefin tuna.
